Abstract: Hub corner is a high-loss area located within in the blade passages of turbomachinery. It is well known that flow separation and vortex development in this area directly affects, not only energy loss and efficiency, but also the stability of axial compressors. In this paper, a high diffusion factor cascade is used in order to analyze the vortex structure which causes the hub-corner stall in cascade. The trailing edge clearance method is proposed for controlling the hub-boundary layer and this is compared with full uniform clearance. Our research highlights that the trailing edge clearance suppress the radial development of the suction separation vortex (SSV) in the hub corner and restrains the concentrated separation vortex (CSV). The influence of trailing edge clearance parameters and its effect on control of hub-corner stall is discussed in detail. It is revealed that clearance height avoids flow separation and suppresses radial vortex development, while the clearance length resists the overturning that is caused by transverse pressure gradient and controls the development of CSV. As the radial vortex plays a dominant role in hub-corner stall, clearance height has a better effect in controlling hub-corner stall in comparison to length at the constant flow area.
Introduction
The axial compressor is an important component of a modern gas turbine. It has a significant effect on the overall performance of a gas turbine and its stable operation. Today, the high pressure ratio highly-loaded axial compressor has become commonplace in compressor design and development [1] . The large angle of attack increases the compressor trailing edge diffuser size at lower mass flow rates, which causes hub-corner stall and results in the reduction of stall margin. At present, the design of turbomachinery is optimized by reducing flow loss. In order to enhance the single stage pressure ratio of the compressor, the turning angle of the rotor needs to be increased. However, the increase in the turning angle causes flow separation in rotor suction surface. The highly loaded-rotor has higher leakage flow at the tip clearance of rotor blades. The interaction between this stronger leakage flow and trailing edge radial flow causes the stall at lower operating conditions in a highly-loaded compressor. The application of flow control methods based on rotor blades is difficult to implement on real compressors. However, flow control methods based on stator can be easily comprehended and applied in engineering applications. Therefore, there is a requirement to study these stator flow control technologies.
Good off-design performance in stationary cascades can improve the stall margin of the compressor stage. In stator, hub-corner stall is an important factor that affects the stall margin of the compressor. There is a strong inverse pressure gradient and transverse secondary flow in the stator. Three-dimensional (3-D) separation is one of the most important factors limiting the loading capacity of compressors. This is an inherent feature of flow, and it found in the end wall region, mainly in the stators [20] [21] [22] . Lee studied a 10-stage axial flow compressor, and his research shows that the leakage flow generated by compressor stator clearance can depress the three-dimensional flow separation in corners and improve compressor efficiency [23] . Gbadebo [24] found that the inhibition of tip clearance flow on corner separation was related to the interaction between the leading horseshoe vortex and the hub. Zuo [25] studied the effect of stator hub clearance on the performance of high-load compressor and found that suitable clearance structure can restrain secondary flow near stator root, delay compressor stall, and enlarge compressor stability. Ribi [26] found that hub clearance increased the stability margin of the compressor, but decreased the efficiency and pressure ratio of the compressor. In order to reduce the leakage loss, some scholars have proposed partial clearances to control the flow field in the corner [27] . In his study of plane cascades, Zhao [28] found that the more backward the position of the partial clearances, the better the flow field control effect in the corner. At the same time, the length of the trailing edge should not be too small, as an overly small trailing edge will increase cascade loss.
When considering previous studies, it can be found that the method of clearance to eliminate the hub-corner separation/stall of compressor is feasible and effective. Usually, when the flow field of the compressor is at design point, the leakage flow produced by the clearance will reduce the performance of the compressor. In this paper, the high diffusion factor cascade is taken as the research object, as the corner separation of cascade is a very important research issue. In order to comprehensively consider the effect of clearance on cascade performance, calculation with variable incident is also carried out.
Cascade Configuration and Validation

Cascade Configuration
In this paper, the diffusion factor (DF) defined by Lieblein was used as the design criterion. The DF can be applied to two-dimensional fluid flow. The linear cascade was used in this study in order to analyze the mechanism of flow separation and movement of vortices, as it has a simple structure and low computational cost. The inlet Mach number was set at a value of 0.3 in order to ensure incompressible flow in cascade. The diffusion factor of cascade was set at 0.5 in order to simulate the higher diffuser effect in rear stages of the compressor having adjustable guide vanes.
In order to analyze the influence of different clearances on the flow field, three trailing edge partial clearances and two full clearances are studied in this paper. High diffusion factor flow and cascade performance of compressor after adjustable guide vane is replaced by numerical calculation with seven attack angles as enumerated in Tables 1 and 2 . 
Numerical Method and Validation
The 3-D RANS flow solver in ANSYS CFX17.0 was used with a SST (shear-stress-transport) turbulence model in order to study the effect of the transitional boundary layer on secondary flow. This model is based on k-ω model, which fully considers turbulent shear stress. The CFD (computational fluid dynamics) technique has been widely used and has played an increasingly important role in the aerodynamic design procedure of the compressor. The Reynolds-averaged Navier-Stokes equations (RANS) method is still the most widely used approach in industrial CFD due to the computational cost and design schedule, though direct numerical simulation (DNS), large eddy simulation (LES), and hybrid LES/RANS (such as detached eddy simulation (DES), scale adaptive simulation (SAS)) have been used to investigate flow mechanisms in relative low Reynolds numbers with a simple boundary. The working fluid was selected as ideal gas. The total temperature, total pressure, and inlet flow angle were set as inlet boundary conditions. Constant static pressure was set at the outlet boundary. CFX (Computational Fluid Dynamics X) uses the finite volume method and has the numerical accuracy feature of the finite element method on the basis of ensuring the conservation characteristics of the finite volume method. In the discrete equation, the first-order backward difference method is used in the time direction, and the fully implicit mesh coupling method is used to solve the continuous equation and the momentum equation simultaneously, which ensures the conservation in the time direction. Therefore, it is not constrained by the time step and has faster convergence speed and better stability.
The numerical simulation was validated with experimental results. In this paper, some important flow field parameters that can describe the flow field in the hub corner were tested. Examples of these tests included, the pressure coefficient at the root of the blade, the limiting streamlines on the suction surface of the blade, and the total pressure loss coefficient along the blade height as shown in Figure 1 . The numerical results were quite close to experimental results. More experimental details can be seen in [29] . The computational domain started from a distance of 250% axial chord length upstream of the vanes leading edge to 250% axial chord length downstream of the blade trailing edge. A multi-grid O-C-H type mesh was used in the simulations. The computational mesh is shown in Figure 2 . The mesh sensitivity analysis showed that the grid sensitivity was negligible, when the total number of mesh was about 1.2 million. In order to eliminate the influence of the mesh topology, the grid used the same topology with different clearances. AutoGrid5 was used to generate the butterfly grid at the trailing edge clearance. The thickness of the mesh wall was 3e-6 m. The cell-centers adjacent to the solid surfaces were located at y+ < 1 for all the computations as shown in Figure 2 . The computational domain started from a distance of 250% axial chord length upstream of the vanes leading edge to 250% axial chord length downstream of the blade trailing edge. A multi-grid O-C-H type mesh was used in the simulations. The computational mesh is shown in Figure 2 . The mesh sensitivity analysis showed that the grid sensitivity was negligible, when the total number of mesh was about 1.2 million. In order to eliminate the influence of the mesh topology, the grid used the same topology with different clearances. AutoGrid5 was used to generate the butterfly grid at the trailing edge clearance. The thickness of the mesh wall was 3e-6 m. The cell-centers adjacent to the solid surfaces were located at y+ < 1 for all the computations as shown in Figure 2 .
at 5% H; (b) The total pressure loss at 5% H.
The computational domain started from a distance of 250% axial chord length upstream of the vanes leading edge to 250% axial chord length downstream of the blade trailing edge. A multi-grid O-C-H type mesh was used in the simulations. The computational mesh is shown in Figure 2 . The mesh sensitivity analysis showed that the grid sensitivity was negligible, when the total number of mesh was about 1.2 million. In order to eliminate the influence of the mesh topology, the grid used the same topology with different clearances. AutoGrid5 was used to generate the butterfly grid at the trailing edge clearance. The thickness of the mesh wall was 3e-6 m. The cell-centers adjacent to the solid surfaces were located at y+ < 1 for all the computations as shown in Figure 2 . 
Numerical Results
Vortex Topology in Flow Field
A typical vortex structure diagram is shown in Figure 3 . These vortices lead to hub-corner stall at different attack angles. Value of the eddy viscosity is illustrated with variance in color. It is worth mentioning that the Q criterion proposed by Hunt et al. in 1988 is used as a criterion for vortex prediction [30] . Although there are different opinions on the definition of a vortex, it is generally believed that it has two basic requirements: (1) Net vortices exist in the vortex core, (2) the geometry of the vortex core should be Galilean invariant. Considering the above two points, we chose the Q criterion to analyze the vortices. The vortices identified by the Q criterion are in the region where normally the vortices are highly concentrated [31] . The Q criterion can shield the relatively small vortices area better and make the vortex structure clearer.
The vortex structure was very clear in the hub-corner separation as shown in Figure 3a . The horse shoe vortex was divided into two parts: The pressure surface branch and the suction surface branch. The branch of the suction surface dissipated quickly; while the transverse pressures affects the pressure surface gradient and moves toward suction surface, which finally merged into the main channel vortex. When the vortex reached the suction surface, it rolled upward and divided into two parts. One part entered the suction surface boundary layer and moved upward along the blade to form the concentrated shed vortex. The other part continued to grow downstream in the form of a cylindrical vortex after leaving the flow-pass. At the same time, the corner vortex was generated at the junction of the hub and the suction surface. In general, the hub separation means the deflection of the original passage vortex. It is worth highlighting that at this instant, the suction surface boundary layer was affected by the streamwise reverse pressure gradient and the backflow started at very a small range. Figure 5 shows the S3 stream spectrum. The distance between the adjacent S3 surfaces is 20% of the chord length. In the Figure 5a flow separation is seen to occur at 0.3 C, which is open separation. Later, the hub layer was rolled up to form a closed suction separation vortex (SSV) and spiral points appeared in the stream spectrum, which completely shaped up at 0.9 C. We can see the position of vortex core in Figure 4b . The flow field was a completely closed separation at trailing edge and it dissipated at 1.1 C. The most obvious vortex structure was the passage vortex (PV) in Figure 5b . The PV developed and moved towards the suction surface of the adjacent blade in the cascades. It mixed with SSV near the hub. The PV disappeared completely and did not affect the flow field any longer at 0.5 C. SSV (Suction Separation Vortex) and TRV (Trailing Radial Vortex) combined to form CSV (Central Shedding Vortex) or we can say CSV was generated due to the blending of SSV and TRV, which influenced the flow field and led to the hub-corner stall. Therefore, if we can control the development of radial vortex in the corner, we can control the hub-corner stall. Later, the hub layer was rolled up to form a closed suction separation vortex (SSV) and spiral points appeared in the stream spectrum, which completely shaped up at 0.9 C. We can see the position of vortex core in Figure 4b . The flow field was a completely closed separation at trailing edge and it dissipated at 1.1 C. The most obvious vortex structure was the passage vortex (PV) in Figure 5b . The Later, the hub layer was rolled up to form a closed suction separation vortex (SSV) and spiral points appeared in the stream spectrum, which completely shaped up at 0.9 C. We can see the position of vortex core in Figure 4b . The flow field was a completely closed separation at trailing edge and it dissipated at 1.1 C. The most obvious vortex structure was the passage vortex (PV) in Figure 5b . The PV developed and moved towards the suction surface of the adjacent blade in the cascades. It mixed with SSV near the hub. The PV disappeared completely and did not affect the flow field any longer at 0.5 C. SSV (Suction Separation Vortex) and TRV (Trailing Radial Vortex) combined to form CSV (Central Shedding Vortex) or we can say CSV was generated due to the blending of SSV and TRV, which influenced the flow field and led to the hub-corner stall. Therefore, if we can control the development of radial vortex in the corner, we can control the hub-corner stall. 
The Trailing Clearances
In this paper, five clearances were analyzed in comparison with the baseline cascade. The details are shown in Table 2 . Ori means the baseline cascade without clearance. The type of flow separation can be determined from the distribution of limiting streamlines and static pressure coefficient on the suction surface of the blade and hub endwall, as shown in Figure 6 . 
In this paper, five clearances were analyzed in comparison with the baseline cascade. The details are shown in Table 2 . Ori means the baseline cascade without clearance. The type of flow separation can be determined from the distribution of limiting streamlines and static pressure coefficient on the suction surface of the blade and hub endwall, as shown in Figure 6 .
The case 2-0 means case 2 at zero incident. The corner separation lines (CSL) can be seen on the suction surface of the cascades. The endwall boundary layer minimally influenced the mid-span flow field, which was more than that on the near endwall area of the blade. In Figure 6a ,b, we can see that the obvious change in flow field due to clearance. In Figure 6a we can see that flow separation occurred at about 0.3 C. Under the inverse pressure gradient, two separation lines appeared at hub and blade. The vortex core of the SSV was located at the low-pressure region of the hub. The fluid, which flowed along the pressure surface, moved around with the trailing edge toward the suction surface. It collided with the boundary layer fluid and mixed with passage vortex. The TRV and SSV developed along the radial direction and moved with the CSV. N1, N2, and N3, as seen in Figure 6 are the vortex core. The closed separation vortex was the main cause of hub-corner stall. In Figure 6b , it can be seen that the SSV was nearly eliminated due to presence of clearance at 0.5 chords. The separation phenomena at the hub changed from the closed separation to the open-close mixed separation due to lack of leakage vortex strength. The TRV still existed (N2), but it was far away from the suction surface. The hub-boundary layer fluid upstream of the clearance turned by the transverse pressure gradient and moved along the blade to form the CSV. In case 2, the clearance length was increased from 0.5 C to 0.7 C. It increased the strength of clearance leakage. The stronger leakage flow boosted the hub-boundary layer fluid momentum in order to resist transverse pressure gradients and prevent transverse transport of the boundary layer. Subsequently, the closed separation turned to the open separation in the corner and the CSV disappeared. In case 3 the height was higher than case 1, but the effect on the CSV was not as good as that of case 2, which had longer clearance. It indicated that the length of the trailing edge played a more important role in controlling the CSV. The cascade used in this paper had a lower turning angle. It can be approximated that the clearance flow area between case 2 and case 3 was the same i.e., height*length. In Case 3, the backflow disappeared at the trailing edge of the blade. This shows that the height of trailing edge had greater effect on trailing edge backflow. Case 4 and case 5 comprised of 100% chord length clearance with different height. It has been observed that the full clearances can totally eliminate the CSV. Moreover, the separation at suction surface of blade was eliminated. The clearance height of Case 5 was smaller than all the clearances in this paper. Consequently, all the vortex structures mentioned above can be seen in the flow field of Case 5. It is worth mentioning that in the full clearance, the starting point of the leakage flow was not at the leading edge of the blade, so the full clearance was not beneficial for the flow field. Figure 7 shows the static entropy contours at hub corner of all cases. The adverse pressure gradient and the transverse pressure gradient influenced the 3-D streamlines in the flow direction and forced its movement towards the middle span of the blade. With the influence of the clearance, the high entropy region at the hub corner gradually became smaller and eventually disappeared. It can be seen by comparing Figure 7c ,d that the longer clearance will cause higher losses at the corner at constant flow area of the clearance. The velocity of clearance leakage can be divided into flow velocity and transverse velocity. The flow velocity increased the flow momentum of the hub-boundary layer in order to avoid flow separation and suppressed radial vortex development. While the transverse velocity increased the transverse momentum of the hub-boundary layer, which hindered the mainstream and generated leakage loss. 
In this paper, five clearances were analyzed in comparison with the baseline cascade. The details are shown in Table 2 . Ori means the baseline cascade without clearance. The type of flow separation can be determined from the distribution of limiting streamlines and static pressure coefficient on the suction surface of the blade and hub endwall, as shown in Figure 6 . The case 2-0 means case 2 at zero incident. The corner separation lines (CSL) can be seen on the suction surface of the cascades. The endwall boundary layer minimally influenced the mid-span flow field, which was more than that on the near endwall area of the blade. In Figure 6a ,b, we can see that the obvious change in flow field due to clearance. In Figure 6a we can see that flow separation occurred at about 0.3 C. Under the inverse pressure gradient, two separation lines appeared at hub and blade. The vortex core of the SSV was located at the low-pressure region of the hub. The fluid, which flowed along the pressure surface, moved around with the trailing edge toward the suction surface. It collided with the boundary layer fluid and mixed with passage vortex. The TRV and SSV developed along the radial direction and moved with the CSV. N1, N2, and N3, as seen in Figure 6 are the vortex core. The closed separation vortex was the main cause of hub-corner stall. In Figure 6b , it can be seen that the SSV was nearly eliminated due to presence of clearance at 0.5 chords. The separation phenomena at the hub changed from the closed separation to the open-close mixed separation due to lack of leakage vortex strength. The TRV still existed (N2), but it was far away from the suction surface. The hub-boundary layer fluid upstream of the clearance turned by the transverse pressure gradient and moved along the blade to form the CSV. In case 2, the clearance length was increased from 0.5 C to 0.7 C. It increased the strength of clearance leakage. The stronger leakage flow boosted the hub-boundary layer fluid momentum in order to resist transverse pressure gradients and prevent transverse transport of the boundary layer. Subsequently, the closed separation turned to the open separation in the corner and the CSV disappeared. In case 3 the height was higher than case 1, but the effect on the CSV was not as good as that of case 2, which had longer clearance. It indicated that the length of the trailing edge played a more important role in controlling the CSV. The cascade used in this paper had a lower turning angle. It can be approximated that the clearance flow area between case 2 and case 3 was the same i.e., height*length. In Case 3, the backflow disappeared at the trailing edge of the blade. This shows that the height of trailing edge had greater effect on trailing edge backflow. Case 4 and case 5 comprised of 100% chord length clearance with different height. It has been observed that the full clearances can totally eliminate the CSV. Moreover, the separation at suction surface of blade was eliminated. The clearance height of Case 5 was smaller than all the clearances in this paper. Consequently, all the vortex structures mentioned above can be seen in the flow field of Case 5. It is worth mentioning that in the full clearance, the starting point of the leakage flow was not at the leading edge of the blade, so the full clearance was not beneficial for the flow field. Figure 7 shows the static entropy contours at hub corner of all cases. The adverse pressure gradient and the transverse pressure gradient influenced the 3-D streamlines in the flow direction and forced its movement towards the middle span of the blade. With the influence of the clearance, the high entropy region at the hub corner gradually became smaller and eventually disappeared. It can be seen by comparing Figure 7c ,d that the longer clearance will cause higher losses at the corner at constant flow area of the clearance. The velocity of clearance leakage can be divided into flow velocity and transverse velocity. The flow velocity increased the flow momentum of the hubboundary layer in order to avoid flow separation and suppressed radial vortex development. While the transverse velocity increased the transverse momentum of the hub-boundary layer, which hindered the mainstream and generated leakage loss. Quantitative analysis of the control effect and cascade performance was analyzed for each flow control method. In this paper, the static pressure coefficient was used to characterize the control effect of clearance on the flow field and the total pressure loss coefficient characterized cascade performance. The total pressure loss and static pressure with i = 0 is shown in Figure 8 . In the Figure  8a , the flow around the suction surface of the prototype cascade was mainly closed separation. Therefore, the pressure coefficient increased slowly and partially decreased in the latter half of the suction surface. It indicates that the pressure diffusion capability was disappearing due to the serious separation. It was observed that with the clearance in the cascade, the diffuser capacity was gradually restored. Furthermore, with the disappearance of the closed separation, the cascade gained the ability of re-diffusion. This ability varied with the size of the clearance. The separation did not eliminate completely, however, and the separation pattern was changed. The suction surface branch of Ori-0 (the prototype cascade) had a turning point at 40% chord (0.4 C), which was the separation point in the flow field. Case 1 delayed the separation position to 0.6 C, but it could not completely eliminate the SSV. However, the other clearances i.e., case 2 to 5 completely eliminated the SSV formed by the hub-corner stall. Case 4 i.e., the full clearance gave the best effect. It can be seen from Figure 8b that different clearance structures significantly reduced the loss of cascade. On the one hand, case 3 had enough height to eliminate SSV and TRV compared to case 1. On the other hand, case 3 did not lead to large leakage loss as seen in case 2. Therefore, case 3 had the best effect among the clearances. Case 4 had the best control effect on stall elimination at the hub corner. However, it had the highest leakage loss. The pressure contours in Figure 6 show that the trailing edge clearances reduced the thickness of the boundary layer, and thus improved the separation resistance of the boundary layer in order to reduce the cascade loss. At the same time, the trailing edge clearance disturbed the pressure and velocity fields in the separation zone, so that the saddle point could not be formed at the root of the suction surface. The saddle point was the necessary condition for the formation of closed separation. The trailing edge clearances not only inhibited the separation in the hub corner, but also had the minimum leakage loss at design point. Quantitative analysis of the control effect and cascade performance was analyzed for each flow control method. In this paper, the static pressure coefficient was used to characterize the control effect of clearance on the flow field and the total pressure loss coefficient characterized cascade performance. The total pressure loss and static pressure with i = 0 is shown in Figure 8 . In the Figure 8a , the flow around the suction surface of the prototype cascade was mainly closed separation. Therefore, the pressure coefficient increased slowly and partially decreased in the latter half of the suction surface. It indicates that the pressure diffusion capability was disappearing due to the serious separation. It was observed that with the clearance in the cascade, the diffuser capacity was gradually restored. Furthermore, with the disappearance of the closed separation, the cascade gained the ability of re-diffusion. This ability varied with the size of the clearance. The separation did not eliminate completely, however, and the separation pattern was changed. The suction surface branch of Ori-0 (the prototype cascade) had a turning point at 40% chord (0.4 C), which was the separation point in the flow field. Case 1 delayed the separation position to 0.6 C, but it could not completely eliminate the SSV. However, the other clearances i.e., case 2 to 5 completely eliminated the SSV formed by the hub-corner stall. Case 4 i.e., the full clearance gave the best effect. It can be seen from Figure 8b that different clearance structures significantly reduced the loss of cascade. On the one hand, case 3 had enough height to eliminate SSV and TRV compared to case 1. On the other hand, case 3 did not lead to large leakage loss as seen in case 2. Therefore, case 3 had the best effect among the clearances. Case 4 had the best control effect on stall elimination at the hub corner. However, it had the highest leakage loss. The pressure contours in Figure 6 show that the trailing edge clearances reduced the thickness of the boundary layer, and thus improved the separation resistance of the boundary layer in order to reduce the cascade loss. At the same time, the trailing edge clearance disturbed the pressure and velocity fields in the separation zone, so that the saddle point could not be formed at the root of the suction surface. The saddle point was the necessary condition for the formation of closed separation. The trailing edge clearances not only inhibited the separation in the hub corner, but also had the minimum leakage loss at design point.
The ability to operate under all working conditions is an essential requirement of actual compressor stator blades. For the implementation of passive control technology, it is quite important that compressor should be able to operate in stable region at lower mass flow rates and its design efficiency should not be reduced. Therefore, the analysis of flow field at off-design point is also an essential requirement. The flow spectrum of cascade at i = −6 is shown in the Figure 9 . The ability to operate under all working conditions is an essential requirement of actual compressor stator blades. For the implementation of passive control technology, it is quite important that compressor should be able to operate in stable region at lower mass flow rates and its design efficiency should not be reduced. Therefore, the analysis of flow field at off-design point is also an essential requirement. The flow spectrum of cascade at i = −6 is shown in the Figure 9 .
It can be seen that the trailing edge clearance was also very effective in controlling the flow field at the negative angle of attack. The accumulation of low energy fluid in the hub corner was almost same as in the design point. The strength of the TRV, SSV, and CRV was much smaller than design point. Three trailing edge clearances eliminated the low energy fluid in the corner well and controlled the backflow. The trailing edge clearance completely eliminated the flow separation at the suction side at 70% chord. It allowed the root of the blade to achieve re-diffusion as shown in Figure 10a . It is noteworthy that the total pressure loss, with full clearance at 5% blade height, was higher in comparison with trailing edge clearances. This loss was generated by the open separation at the blade root. This was an identical trend as demonstrated in the design point flow field. Hence, the trailing edge clearances did not produce additional leakage loss at the negative attack angle. It can be seen that the trailing edge clearance was also very effective in controlling the flow field at the negative angle of attack. The accumulation of low energy fluid in the hub corner was almost same as in the design point. The strength of the TRV, SSV, and CRV was much smaller than design point. Three trailing edge clearances eliminated the low energy fluid in the corner well and controlled the backflow. The trailing edge clearance completely eliminated the flow separation at the suction side at 70% chord. It allowed the root of the blade to achieve re-diffusion as shown in Figure 10a . It is noteworthy that the total pressure loss, with full clearance at 5% blade height, was higher in comparison with trailing edge clearances. This loss was generated by the open separation at the blade root. This was an identical trend as demonstrated in the design point flow field. Hence, the trailing edge clearances did not produce additional leakage loss at the negative attack angle. The ability to operate under all working conditions is an essential requirement of actual compressor stator blades. For the implementation of passive control technology, it is quite important that compressor should be able to operate in stable region at lower mass flow rates and its design efficiency should not be reduced. Therefore, the analysis of flow field at off-design point is also an essential requirement. The flow spectrum of cascade at i = −6 is shown in the Figure 9 .
It can be seen that the trailing edge clearance was also very effective in controlling the flow field at the negative angle of attack. The accumulation of low energy fluid in the hub corner was almost same as in the design point. The strength of the TRV, SSV, and CRV was much smaller than design point. Three trailing edge clearances eliminated the low energy fluid in the corner well and controlled the backflow. The trailing edge clearance completely eliminated the flow separation at the suction side at 70% chord. It allowed the root of the blade to achieve re-diffusion as shown in Figure 10a . It is noteworthy that the total pressure loss, with full clearance at 5% blade height, was higher in comparison with trailing edge clearances. This loss was generated by the open separation at the blade root. This was an identical trend as demonstrated in the design point flow field. Hence, the trailing edge clearances did not produce additional leakage loss at the negative attack angle. Compressor stall margin is an important parameter in analysis of compressor performance. The flow at higher angle of attack was simulated in order to study actual compressor near stall condition. Compressor stall margin is an important parameter in analysis of compressor performance. The flow at higher angle of attack was simulated in order to study actual compressor near stall condition. Compressor stall margin is an important parameter in analysis of compressor performance. The flow at higher angle of attack was simulated in order to study actual compressor near stall condition. At higher angle of attack, the separation position on the suction surface moved further ahead at 27% chord as shown in Figure 11a . The strength of the TRV and CRV increased. The flow separation on the suction surface occurred at the leading edge of the cascade. The total pressure loss and diffusion of case 2 and case 3 were almost the same because the clearance flow area was similar. The control effect of case 3 was better at i = +6. In case 2 separation vortex could not be eliminated on suction surface because the length of clearance in case 2 was longer. The transverse velocity of leakage flow was higher. Higher transverse velocity could only disperse the separated vortex but it could not completely suppress the stall. In case 3 the height of clearance was higher than others. It generated high velocity flow to shift the momentum of flow toward low energy fluid at the hub. In comparison to clearance length, the height of the clearance with the identical flow area had higher influence in order to control hub-corner stall. Figure 12 validates this judgment. The full clearance had the best control effect on the stall in the corner area. It completely eliminated the separation vortex in the corner. However, in this case, the leakage loss of the flow field was higher in comparison with case 3, which had a greater impact on the rotor blade of the rear stages. At higher angle of attack, the separation position on the suction surface moved further ahead at 27% chord as shown in Figure 11a . The strength of the TRV and CRV increased. The flow separation on the suction surface occurred at the leading edge of the cascade. The total pressure loss and diffusion of case 2 and case 3 were almost the same because the clearance flow area was similar. The control effect of case 3 was better at i = +6. In case 2 separation vortex could not be eliminated on suction surface because the length of clearance in case 2 was longer. The transverse velocity of leakage flow was higher. Higher transverse velocity could only disperse the separated vortex but it could not completely suppress the stall. In case 3 the height of clearance was higher than others. It generated high velocity flow to shift the momentum of flow toward low energy fluid at the hub. In comparison to clearance length, the height of the clearance with the identical flow area had higher influence in order to control hub-corner stall. Figure 12 validates this judgment. The full clearance had the best control effect on the stall in the corner area. It completely eliminated the separation vortex in the corner. However, in this case, the leakage loss of the flow field was higher in comparison with case 3, which had a greater impact on the rotor blade of the rear stages. The trailing edge clearance reduced the total pressure loss of cascades under all working conditions as shown in Figure 13 . The effect of proper trailing edge clearance on flow field was more obvious in case 3, when the attack angle was not less than zero. In contrast, the full clearance caused greater leakage loss at the positive incidence as in case 4. At the negative angle of attack, the trailing edge clearance did not cause additional leakage loss in the flow field. It can be seen from Figure 13 that the trailing edge clearance caused the cascades to achieve a higher stall attack angle. This means that cascade had better performance at higher angle of attack. Hence, the trailing edge clearance allowed the compressor stator to work steadily at a higher angle of attack. The trailing edge clearance reduced the total pressure loss of cascades under all working conditions as shown in Figure 13 . The effect of proper trailing edge clearance on flow field was more obvious in case 3, when the attack angle was not less than zero. In contrast, the full clearance caused greater leakage loss at the positive incidence as in case 4. At the negative angle of attack, the trailing edge clearance did not cause additional leakage loss in the flow field. It can be seen from Figure 13 that the trailing edge clearance caused the cascades to achieve a higher stall attack angle. This means that cascade had better performance at higher angle of attack. Hence, the trailing edge clearance allowed the compressor stator to work steadily at a higher angle of attack. The trailing edge clearance reduced the total pressure loss of cascades under all working conditions as shown in Figure 13 . The effect of proper trailing edge clearance on flow field was more obvious in case 3, when the attack angle was not less than zero. In contrast, the full clearance caused greater leakage loss at the positive incidence as in case 4. At the negative angle of attack, the trailing edge clearance did not cause additional leakage loss in the flow field. It can be seen from Figure 13 that the trailing edge clearance caused the cascades to achieve a higher stall attack angle. This means that cascade had better performance at higher angle of attack. Hence, the trailing edge clearance allowed the compressor stator to work steadily at a higher angle of attack. Table 3 shows the changing of on-total pressure loss with clearances at variable angles of attack compared with the prototype cascade. Higher clearance (case 3) can greatly reduce the loss of flow field under all working conditions. The positive angle of attack increased the blade load and the surface pressure difference, which led to stronger gap leakage flow and greater total pressure loss. Clearance height had a better effect in controlling the hub-corner stall in comparison to length at constant flow area. Table 3 shows the changing of on-total pressure loss with clearances at variable angles of attack compared with the prototype cascade. Higher clearance (case 3) can greatly reduce the loss of flow field under all working conditions. The positive angle of attack increased the blade load and the surface pressure difference, which led to stronger gap leakage flow and greater total pressure loss. Clearance height had a better effect in controlling the hub-corner stall in comparison to length at constant flow area. 
Discussion and Conclusions
The vortices structure in the stall flow field was obtained in this paper through the numerical simulation of variable angle of attack in the cascade. We conclude the following: 1
Hub-corner stall comprises three main vortices: SSV, TRV, and CRV. They are generated due to effect of backflow and radial movement of hub-surface boundary layer. Therefore, hub-corner stall can be eliminated by controlling the separation of the hub-boundary layer. The trailing edge clearance can restrain the boundary layer separation on the suction surface and acquire the ability of re-diffusion at the hub corner.
2 By comparing the trailing edge clearance with the full clearance, it was observed that both types of clearance can eliminate the radial vortex and inhibit the occurrence and development of hubcorner stall. However, the trailing edge clearances not only can inhibit the separation in the hub corner but also have the minimum leakage loss at design point. The trailing clearances are lower cost and more effective than the traditional full clearances.
Among two control parameters of the trailing edge clearance i.e., length and height, length is more influential in controlling the transverse transport of the hub-surface boundary layer in the corner (CSV). Height is more influential in controlling fluid backflow and its radial development. When the clearance flow area is approximately identical, having more height is better for the loss and stall margin of the clearance. The clearance leakage flow generated by higher clearance has higher flow momentum at the hub-boundary layer and it avoids flow separation. The leakage flow 
The vortices structure in the stall flow field was obtained in this paper through the numerical simulation of variable angle of attack in the cascade. We conclude the following:
1.
2.
By comparing the trailing edge clearance with the full clearance, it was observed that both types of clearance can eliminate the radial vortex and inhibit the occurrence and development of hub-corner stall. However, the trailing edge clearances not only can inhibit the separation in the hub corner but also have the minimum leakage loss at design point. The trailing clearances are lower cost and more effective than the traditional full clearances.
Among two control parameters of the trailing edge clearance i.e., length and height, length is more influential in controlling the transverse transport of the hub-surface boundary layer in the corner (CSV). Height is more influential in controlling fluid backflow and its radial development. When the clearance flow area is approximately identical, having more height is better for the loss and stall margin of the clearance. The clearance leakage flow generated by higher clearance has higher flow momentum at the hub-boundary layer and it avoids flow separation. The leakage flow generated by the lengthy clearance has stronger transverse momentum in order to avoid transverse transport of the hub-boundary layer.
Compared with the previous uniform clearance, the trailing edge clearance does not cause greater leakage loss to the cascade at the design of point of the flow field. At the same time, compared with the active control method, the trailing edge clearance is easy to process, and no additional control equipment is needed in the compressor. The control technology of trailing edge clearance has lower cost and better effect. 
